Abstract. MicroRNAs (miRs), a class of non-coding RNAs 18-25 nucleotides in length, can lead to mRNA degradation or inhibit protein translation by directly binding to the 3'-untranslational region (UTR) of their target mRNAs. The deregulation of miR-429 has been suggested to be involved in the development and progression of colon cancer. However, the detailed molecular mechanism involved remains to be determined. The aim of the present study was to investigate the role of miR-429 in the regulation of migration and invasion of colon cancer cells using RT-qPCR and western blotting. The results showed that the expression of miR-429 was reduced in colon cancer cell lines, when compared to a normal colon epithelial cell line. Treatment with DNA demethylation agent 5-aza-2'-deoxycytidine and histone deacetylase inhibitor phenylbutyrate (PBA), or transfection with the pre-miR-429 lentivirus plasmid led to the upregulation of miR-429 expression, as well as inhibition of migration and invasion in colon cancer cells. Investigation of the molecular mechanism showed that PAK6 was a novel target of miR-429, and the expression of PAK6 was upregulated in colon cancer tissues and cell lines, and was negatively regulated by miR-429 in colon cancer cells. Moreover, the cofilin signaling acted as a downstream effector of miR-429 in colon cancer cells. In conclusion, the results of the present study suggested that miR-429 inhibits the migration and invasion of colon cancer cells, partly at least, by mediating the expression of PAK6, as well as the activity of cofilin signaling. Therefore, miR-429 is as a potential molecular target for the treatment of colon cancer.
Introduction
Colon cancer is one of the most common types of cancer. Although surgery combined with chemo-and radiotherapy, remains the main form of treatment, the median survival rate of colon cancer remains poor (1) . As the development and progression of colon cancer are mediated by a complex cascade of molecular events, understanding of the molecular mechanism contributing to colon cancer is crucial (2) .
MicroRNAs (miRs), a class of non-coding RNAs of 18-25 nucleotides in length, can lead to mRNA degradation or inhibit protein translation by directly binding to the 3'-untranslational region (UTR) of their target mRNAs (3) . By directly mediating the expression levels of their target genes, miRs are closely associated with various biological processes, such as cell proliferation, cell cycle progression, survival, apoptosis, differentiation, motility as well as tumorigenesis (4) . Deregulation of miRs is involved in the development and progression of various malignant tumors, including colon cancer (5) .
Deregulation of miR-429 has been found to be involved in several types of cancer, such as non-small cell lung cancer, oropharyngeal carcinoma, pancreatic and colon cancer (6) (7) (8) (9) (10) . Gaedcke et al (9) showed that miR-429 was downregulated in colon cancer tissues compared to normal rectal mucosa, suggesting that miR-429 is associated with the tumorigenesis of colon cancer. However, the exact role of miR-429 in the regulation of the migration and invasion of colon cancer cells, as well as the underlying molecular mechanisms involved remains unclear.
In the present study, we aimed to investigate the role of miR-429 in the regulation of migration and invasion of colon cancer cells. In addition, we explored the underlying molecular mechanisms.
Materials and methods
Reagents and materials. Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), TaqMan MicroRNA assay kit, BCA protein assay kit, ECL western blotting kit and Lipofectamine 2000 were purchased from Life Technologies (Carlsbad, CA, USA). Demethylation drug 5-aza-2'-deoxycytidine (5-Aza) and histone deacetylase inhibitor 4-phenylbutyric acid (PBA) were purchased from Sigma (St. Louis, MO, USA). A miRNeasy Mini kit was purchased from Qiagen (Valencia, CA, USA). The mouse anti-human antibodies and rabbit antimouse secondary antibody were purchased from Immunoway Luciferase assay. Luciferase assay was performed to determine whether PAK6 was the direct target of miR-429. A wild-type or a mutant type of PAK6 3'-UTR was subcloned into the psiCHECK™2 luciferase miRNA expression reporter vector. The psiCHECK-PAK6-3'-UTR or psiCHECK2-mut PAK6-3'-UTR vector plus miR-429 or miR-429 inhibitors were cotransfected into colon cancer LOVO cells.
Western blot analysis. The cells were lysed in cold RIPA buffer. The BCA protein assay kit was used to determine the protein concentration. Protein was then separated with 10% SDS-PAGE, and transferred to a PVDF membrane. The PVDF membrane was blocked in 5% non-fat dried milk in PBS for 4 h. Subsequently, the PVDF membrane was incubated with specific primary antibodies for 3 h. After being washed with PBS three times, each time for 5 min, the PVDF membrane was incubated with the appropriate secondary antibody. After being washed with PBS three times, each time for 5 min, an ECL western blotting kit was used to detect the immune complexes on the PVDF membrane.
Wound-healing assay. A wound-healing assay was performed to evaluate the cell migratory ability. Briefly, the cells were cultured to full confluence. Wounds of ~1 mm width were created with a plastic scriber, and the cells were washed and incubated in a serum-free medium. After wounding for 24 h, the cells were incubated in a medium including 10% FBS. Cultures at 0 and 48 h were fixed and observed under a microscope.
Transwell cell invasion assay. Cells treated with the indicated drugs for 72 h were starved in serum-free medium for 24 h, and then resuspended in serum-free medium. The cells were added to the upper chamber, while the lower chamber was filled with base medium containing 10% FBS. After incubation for 24 h, the cells attached to the bottom were stained with crystal violet for 20 min, washed and air dried. Invasive cells were observed under a microscope.
Statistical analysis. Data were presented as mean ± SD of three independent experiments. Statistical analysis was performed using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). The differences between groups were determined using the one-way ANOVA. P<0.05 was considered to indicate a statistically significant result.
Results

miR-429 is downregulated in colon cancer cells.
We first examined the expression level of miR-429 in the SW620 and LOVO colon cancer cell lines, and normal HCEpiC colon epithelial cells. The expression level of miR-429 was significantly reduced in the SW620 and LOVO colon cancer cell lines, compared to the normal HCEpiC colon epithelial cells (Fig. 1) .
Upregulation of miR-429 inhibits the migration and invasion of colon cancer cells.
After treatment with 5-Aza and PBA in SW620 and LOVO colon cancer cells, we determined the expression level of miR-429. As shown in Fig. 2A , miR-429 was significantly upregulated following treatment with 5-Aza and PBA. We also transfected the colon cancer cells with pre-miR-429 plasmid, and showed that the expression of miR-429 was increased after transfection (Fig. 2B) . We then investigated the effect of miR-429 upregulation on colon cancer cell migration and invasion. The results showed that the upregulation of miR-429 markedly suppressed colon cancer cell migration (Fig. 3) . We also found that the upregulation of miR-429 markedly suppressed colon cancer cell invasion (Fig. 4) . These results suggested that miR-429 plays a suppressive role in colon cancer metastasis.
PAK6 is identified as a target gene of miR-429 in colon cancer cells.
We focused on the targets of miR-429 in colon cancer cells, and the luciferase reporter assay data confirmed that PAK6 was a target gene of miR-429 in LOVO colon cancer cells (Fig. 5A) . We also found that transfection with pre-miR-429 led to a decreased mRNA and protein expression of PAK6 (Fig. 5B and C) , suggesting that miR-429 negatively mediated the expression of PAK6 in colon cancer cells.
PAK6 expression is upregulated in colon cancer tissues.
We determined the expression of PAK6 in colon cancer tissues as well as their matched adjacent normal tissues. As shown in Fig. 6 , the expression of PAK6 was positive in colon cancer tissues, but negative in their matched adjacent normal tissues, suggesting that PAK6 acts as an oncogene in colon cancer.
Cofilin acts a downstream effector in miR-429-mediated colon cancer cell migration and invasion.
It has been established that cofilin plays a role in the regulation of cell motility (11) . Accordingly, we investigated whether cofilin was involved in miR-429-mediated migration and invasion of SW620 and LOVO colon cancer cells. The antibody of p-cofilin was used to inhibit the activity of cofilin. As shown in Fig. 7 , inhibition of cofilin activity markedly suppressed the migration of colon cancer cells, and enhanced the inhibitory effect of miR-429 upregulation on colon cancer cell migration. Similar results were observed in the cell invasion assay. As shown in Fig. 8 , inhibition of cofilin activity also suppressed the invasion of colon cancer cells, even in colon cancer cells transfected with anti-miR-429. Taken together, the results suggested that cofilin acts a downstream effector in miR-429-mediated colon cancer cell migration and invasion.
Discussion
The results of the present study have shown that the expression level of miR-429 was significantly downregulated in colon cancer cells, when compared to normal colon epithelial cells. Treatment with epigenetic drugs or pre-miR-429 lentivirus plasmid led to the upregulation of miR-429 expression, which further resulted in the decreased migration and invasion of colon cancer cells. PAK6, upregulated in colon cancer tissues and cells, was also identified as a target gene of miR-429, and the expression of PAK6 was negatively regulated by miR-429 in colon cancer cells. Investigation of the molecular mechanism showed that PAK6/cofilin signaling was involved in miR-429-mediated colon cancer cell migration and invasion.
The exact role of miR-429 in colon cancer remains to be clarified. Previous findings have demonstrated that the dysfunction of miR-429 is involved in the development and progression of many malignant tumors (12) . For instance, miR-429 has been suggested to participate in the tumori genesis of non-small cell lung cancer, retinoblastoma, pancreatic cancer and oropharyngeal carcinoma (6) (7) (8) 10 ). Recently, the expression level of miR-429 was found to be significantly reduced in colon cancer tissues (9) . In the present study, we showed that miR-429 was markedly downregulated in colon cancer cell lines, when compared with that in normal colon epithelial cells. These findings suggest that miR-429 potentially plays a role in colon cancer.
It has been well established that DNA methylation and histone acetylation act as key regulators in miRNA transcription. Generally, DNA demethylation and histone acetylation play promoting roles in gene transcription (13) . However, whether DNA methylation and histone acetylation are involved in the regulation of miR-429 in cancer cells has not been previously investigated. To confirm that DNA methylation and histone acetylation are associated with the downregulation of miR-429 in colon cancer cells, we SW620 and LOVO cells with 5-Aza and PBA. 5-Aza is a DNA methyltransferase inhibitor that leads to DNA demethylation (14) . PBA is a histone deacetylase inhibitor that leads to histone acetylation (15) . Our results show that treatment with 5-Aza and PBA significantly upregulated the expression level of miR-429 in colon cancer cells, indicating that the expression level of miR-429 in colon cancers was closely regulated by epigenetic modulations. Upregulation of miR-429 led to decreased migratory and invasive abilities of colon cancer cells, suggesting that miR-429 plays an inhibitory role in the regulation of colon cancer metastasis.
PAK6 belongs to a family of p21-stimulated serine/threonine protein kinases that is associated with several cell processes, including apoptosis, cytoskeletal rearrangement, as well as the mitogen-activated protein (MAP) kinase signaling pathway (16) (17) (18) (19) . Moreover, PAK6 can interact with the androgen receptor and translocate to the nucleus, and plays a role in the regulation of gene transcription (20, 21) . The deregulated expression of PAK6 has been identified in several cancers, including prostate cancer, hepatocellular carcinoma and thyroid cancer (22) (23) (24) . In the present study, we identified, to the best of our knowledge, for the first time PAK6 is a direct target gene of miR-429 in colon cancer cells and that PAK6, upregulated in colon cancer cells, was negatively regulated by miR-429. As PAK6 has been demonstrated to be associated with cancer cell metastasis (25), we suggest that the suppressive effect of miR-429 upregulation on colon cancer cell migration and invasion may occur, partly at least, by directly targeting PAK6. Moreover, investigation of the molecular mechanism revealed that cofilin signaling was involved in the miR-429-mediated migration and invasion in colon cancer cells. It has been demonstrated that cofilin promotes invadopodial membrane recycling during cell invasion (11) . Moreover, cofilin has been demonstrated to act as a key regulator in cancer cell motility (26, 27) . For instance, Chen et al (28) showed that cofilin was a critical signaling pathway involved in miR-138-mediated ovarian cancer cell metastasis. Accordingly, we suggest that miR-429 played an inhibitory role in the regulation of colon cancer cell migration and invasion, partially at least, through the modulation of PAK6 as well as cofilin.
In summary, miR-429 may serve as a potential agent for the treatment of colon cancer.
